Escherichia coli F+ donor bacteria were treated with U.V. radiation, mitomycin C, nitrous acid, hydroxylamine or caf€eine, and then incubated for various periods in broth at 37" before conjugation. U.V. radiation, mitomycin C and nitrous acid increased the fertility of F+ populations, but hydroxylamine and caffeine did not. The maximal effect of u.v. irradiation was obtained after using a dose 50-100 ergs/Ima2 and after 45 min. incubation in broth of irradiated bacteria before conjugation. The maximal effect of mitomycin C occurred after treatment with 1-3 yg./ml. and after I I O min. incubation in broth. Depending on the strain used, the fertility of the population increased 8-20 times after U.V. irradiation and 5-21 times after mitomycin C. The effect of u.v. irradiation could be photoreactivated up to 50 %. Following treatment of strain w 1655 with nitrous acid (0.01 M), a three-to four-fold increase in the yield of conjugation was obtained, although irregularly. Caffeine (0.01 %) enhanced the effect of U.V. irradiation about two-fold. Chloramphenicol blocked the expression of the effect of U.V. irradiation and mitomycin C. The effect of chloramphenicol was not permanent, because after its removal followed by further incubation the fertility of the F+ population increased to the same degree as in the samples in which the bacteria, previously exposed to U.V. radiation or mitomycin C, were incubated in broth without chloramphenicol.
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I N T R O D U C T I O N
Sexual differentiation in Escherichia coli K 12 depends upon the presence of certain episomes, one of which is the episome F. Three sexual types exist : female recipient Fbacteria and male donors of two types, F+ and Hfr. The difference between the male types depends on the location of the F factor in the cell (Hayes, 1952a (Hayes, , 1953 . In F+ bacteria the episome F is present in the cytoplasm in an autonomous state. Bacteria of the other type, Hfr, arise as a result of the attachment of the F factor to the chromosome of the host cell. Hfr cells have the ability to transfer the chromosome to recipient bacteria (Hayes, 1964; Adelberg & Pittard, 1965) .
The fertility of F+ strains, i.e. the ability to transfer the chromosome, depends mainly, if not exclusively, on the presence in populations of these strains of a very small number of Hfr cells which appear spontaneously in F+ populations. Thus, the frequency of recombinants arising in F+ x F-crosses is strictly dependent on the number of Hfr cells present in the F+ population (Wollman, Jacob & Hayes, 1956; Hayes, 1964; Adelberg & Pittard, 1965) .
The mechanism of the attachment or integration of the F factor into the chrorno-
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some has not as yet been definitively elucidated. A number of observations favour the view advanced by Stern (1963) that recombination takes place between the sex factor and the chromosome. The most convincing argument in support of Stem's view of this mechanism is the data obtained in studies on the integration of F' factors (i.e. F episomes harbouring chromosomal genes) into the bacterial chromosome (Scaife & Gross, 1963) .
Less is known about conditions causing the transition of F from the cytoplasm into the chromosome. That U.V. irradiation of F+ cells may favour the integration of the F factor was shown by Hayes (1g52b) who found that U.V. irradiation of F+ donor cells before conjugation can markedly increase the yield of recombinants.
In the present work it was decided to obtain further data concerning conditions favouring the transition of the episome from the cytoplasm into the chromosome, and thus to get some information about the mechanism of integration of F. For this purpose, the inftuence of some mutagens on the integration of F was examined. Mutagens with a relatively well-known mechanism of action were chosen. The aim of this work was also to investigate the influence of chloramphenicol, photoreactivation and caffeine on U.V. induced processes leading to the integration of F. Abbreviations denote: thi lack of ability to synthetize thiamine; met lack of ability to synthetize methionine; thr lack of ability to synthetize threonine; leu lack of ability to synthetize leucine ; str streptomycin : sensitivity str-s; resistance str-r ; ton phage T, ; sensitivity ton-s; resistance ton-r ; lac inability to ferment lactose ; gal inability to ferment galactose; (A)-non-lysogenic for phage A; A-r resistant to phage A.
METHODS
Strains. Two strains of
Media. Nutrient broth; nutrient agar ; minimal agar (Lederberg, 1950) ; minimal liquid medium (Lederberg, 1950) ; all media at pH 7-2.
Buflers. I. Phosphate buffer 0.02 M (PH = 7.2); 11. Phosphate buffer 0.5 M (pH = 4.2) ; 111. Phosphate buffer I M (pH = 7.2).
Reagents. Sodium nitrite and hydroxylamine-HCl (Fabryka Odczynnikow Chemicznych, Gliwice, Poland) ; mitomycin C (Nutritional Biochemicals Corporation, U.S.A.).
Source of U.V. radiation. Westinghouse (U.S.A.) lamp G30T8. Preparation of bacteria. Cultures (18 hr) of donor and recipient bacteria in 5 ml. nutrient broth were diluted with fresh broth 1/10 and incubated, with gentle aeration, for 105 min. at 37". Subsequently, the bacteria were centrifuged down, washed and suspended in buffer I so that the suspensions contained from 8 x IO* to I x 109 viable bacteria/ml. Up to this point the treatment of donor and recipient bacteria was the same. Following these operations, the recipient bacteria were centrifuged down and suspended in the same volume of minimal medium. Thus prepared, the suspensions of recipient bacteria were kept at oo until used for conjugation.
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Treatment of donor bacteria. Suspensions of the donor, prepared as above, were centrifuged down and then suspended in the same volume of one of the buffers or broth with the addition of one of the mutagens, or in buffer I for U.V. irradiation. After the removal of the mutagen, the bacteria were twice washed with buffer I, suspended in nutrient broth and incubated at 37" for the desired period. Following incubation the bacteria were twice washed, resuspended in liquid minimal medium and crossed with the recipient.
Just before conjugation samples were taken from these suspensions and plated on nutrient agar to determine the number of viable bacteria.
In each experiment, in addition to the control tests described in the results section, the following control was made: after preparation of the donor suspension a sample was taken, centrifuged and resuspended in nutrient broth. With this sample the same operations were done as with the other samples except that this control sample was not incubated at 37" but all procedures were performed at oo to 4". In this paper this control is always designated as no. I.
Conjugations were conducted for 60 min. in a water bath at 37". Equal volumes of suspensions of recipient bacteria and untreated or treated donor bacteria were mixed. Conjugation was stopped by cooling the test tubes in an ice bath, following which samples were taken for plating on minimal agar with streptomycin 250 ,ug./ml. to determine the number of thr+ leu+ str-r recombinants.
The parental colonies on nutrient agar were counted after 24 hr and the colonies of recombinants after 48 hr of incubation at 37". The yield of the conjugation was calculated as the frequency of recombinants per 1 0 ' viable donor bacteria present at the beginning of the conjugation. In each experiment, the frequency of recombinants in the treated trials was compared with that in the untreated control. The bacterial suspensions were always centrifuged at 4".
RESULTS
Influence of hydroxylamine
Before each experiment fresh dilutions of hydroxylamine-HCl (HA) were prepared in buffer I and the solutions adjusted to pH 7.2.
The results of experiments with HA given in Table I show that hydroxylamine did not increase the fertility of the F+ population. The yield of conjugation decreased when the donor bacteria were crossed immediately after treatment with high concentrations 
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of HA, but after 45 min. incubation in broth the yield was normal, as in the untreated control.
Influence of cafeine A suspension of F+ bacteria prepared as above was divided into two parts, and both samples were centrifuged. The first served as control no. I. The bacteria in the other sample were suspended in 0.01 yo solution of caffeine in broth and incubated 60 min.
at 37". Afterwards, the sample was cooled, the caffeine removed by three washings and the bacteria, suspended in broth, were incubated up to 120 min. at 37". When caffeine was used in a concentration of 0.01 %, no increase in the fertility of F+ bacteria was observed; on the contrary, the yield of recombinants was even decreased (10-50 %).
In contrast to the effect of treatment with HA, the effect of caffeine was apparent only after some period of incubation in the broth following removal of the drug.
Influence of nitrous acid
Before the trials proper, the influence of buffer I1 on the recombination yield was tested. The results (Table 2) showed that buffer I1 alone killed a large fraction of F+ bacteria and caused a decrease in the fertility of the cross. For this reason, in the experiments described below, it was decided to compare the frequency of thrf leu+ str-r recombinants with that of recombinants in the samples treated with buffer I1 alone. Mutagens and fertility of E. coli F+ 51 Four samples, each containing 9 ml. of the F+ w 1655 suspension, were prepared.
After centrifugation, the bacteria in two samples were suspended in 3 ml. nitrous acid (NA) solution (0.1 M and 0.01 M). The bacteria in the third tube were suspended in 3 ml.
of buffer I1 only. All these samples were incubated for different periods at 37". Subsequently, NA was neutralized by the addition of 25 ml. phosphate buffer 111. The samples were centrifuged, and the bacteria resuspended in 9 ml. of broth and incubated for up to 75 min. at 37". The bacteria in the fourth tube were treated as control no. I.
The results of these experiments (Table 3) show that treatment of the donor cells with NA in 0.1 M concentration may cause some increase in fertility. Nitrous acid in a 0.01 M concentration did not exert any influence on the yield of recombination. The results are not presented as mean values because, as the table shows, differences between the results of individual experiments were considerable and the maximal increase in the fertility of the F+ population occurred at a variable time during the additional incubation period after treatment and before mating.
Interpretation of these experiments should be treated with caution due to the lethal effect of buffer I1 and to the variation between experiments. Yield of conjugation after incubation in broth for various periods of
Escherichia coli I;+ w 1655 donor after U.V. irradiation
Yield of conjugation* after incubation in broth for * The yield of conjugation is given in % of the non-irradiated control, figures in brackets denote the % of surviving donor bacteria.
Eflect of U.V. irradiation Influence of U.V. on the integration of the F factor into the chromosome of Escherichia coli K 12 F+. A suspension of F+ w 1655 was divided into 5 parts. The first sample was left unirradiated and served as control no. I. The remaining samples were irradiated with 50, 100, 200 and 400 ergs/mm.2 doses of U.V. radiation, respectively. After the exposure, all samples were centrifuged, and the bacteria resuspended in broth to the same volume and incubated up to go min. The samples were protected against photoreactivation. The results of this kind of experiment are summarized in Table 4 .
The influence of u.v. radiation on the yield of conjugation is considerable. Irradiation of F+ donor bacteria with U.V. radiation 50 ergs/mm.2 decreased the yield of recombinants by about 40 %, and with 400 ergs/mm.2 by about 70 yo, when the donor population was mated immediately after irradiation. However, the fertility of the donor strain markedly increased when the irradiated bacteria were incubated in broth before conjugation. The intensity of this effect of U.V. radiation depended on the radiation dose and the time of post-treatment incubation in broth. With w 1655 F+ bacteria, the maximal increase in the fertility of the population was obtained after using small doses of radiation (50-100 ergs/mm.2) followed by 45 min. incubation in broth. For maximal expression of the radiation effect, the same period of incubation was also needed following treatment with a much higher dose, i.e. 400 ergs./mm.2. The results of these experiments (Table 5) indicated that the addition of caffeine to the culture of irradiated F+ bacteria increased or decreased the influence of u.v. irradiation on the recombination yield depending on the concentration. After incubation of irradiated bacteria in the presence of 0.01 % caffeine, the frequency of recombinants was double that in the case of a population of irradiated bacteria incubated in broth only. However, I % caffeine considerably inhibited the processes leading to the increase in the fertility of the U.V. irradiated donor population.
Influence of chloramphenicol on the integration of episome I; into the chromosome of U.V. irradiated w 165s F+ bacteria. A suspension of donor bacteria was divided into two parts. One of them was U.V. irradiated with 50 ergs/mm.2. Subsequently, the suspensions were divided into five samples : three unirradiated, two irradiated. After centrifugation, the samples were treated as follows : (I) unirradiated bacteria were suspended in broth and served as control no. I ; (2) unirradiated bacteria were suspended in broth and incubated 45 min. at 37" (control no. 2); (3) irradiated bacteria were suspended in broth and incubated 45 min. at 37" to determine the stimulating effect of U.V. radiation on the recombination yield (control no. 3); (4) unirradiated bacteria were suspended in broth with chloramphenicol (CM) 4 ,ug./ml. and incubated 45 min. at 37". Afterwards, to remove the chloramphenicol, the bacteria were twice washed in buffer I, and once more incubated at 37" for up to 120 min. in broth only.
The control (no. 4) served to show the influence of chloramphenicol only; (5) U.V. irradiated bacteria were treated exactly as was control no. 4; this was the trial proper.
The results of these experiments (Table 6) showed that incubation of U.V. irradiated F+ bacteria in the presence of chloramphenicol blocked expression of the stimulating effect of U.V. radiation on the integration of the F episome. However, this block was reversible because, after removal of the chloramphenicol, the yield of conjugation in the u.v.-treated and chloramphenicol-treated population reached the same degree as that in an irradiated F+ population not treated with chloramphenicol. These results also showed that the presence of chloramphenicol during incubation before the 53 Mutagens and fertility of E. coil F+ conjugation: (i) did not change the frequency of recombinants produced by unirradiated F+ bacteria, (ii) did not favour the integration of the episome nor 'cure' lesions induced by U.V. radiation responsible for the increase in the fertility of the irradiated donor bacteria. * The experimental method is described in the text. The results are the mean value of 4 experiments.
The yield of conjugation is given in % of that of the non-irradiated control. Photoreactivation of the eflect of U.V. radiation. We did not succeed in photoreactivating either the inactivation or the fertility stimulation effect of u.v. radiation in Escherichia coli K 12 w 1655. For this reason, in this set of experiments, we used a photoreactivable E. coli K 12 F+ wild-type strain, obtained from Dr J. Greenberg.
Photoreactivation (PR) was done in a waterbath at 37". Two 'Episkop' bulbs ('Tungsram' 500 W), placed at a distance of 17 cm. from the test tube containing the irradiation suspension, served as light source for PR. A filter of aqueous CuSO, solution was placed between the light source and the waterbath. The method used in the experiments on photoreactivation was as follows. A suspension of wild type F+ bacteria was divided into two parts. One was used as control no. I, and the other was
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irradiated with a 250 dose of U.V. radiation. When this dose was used, the effect of PR was higher than after a dose of 50 ergs/mm.2. Immediately after irradiation, one sample of the irradiated suspension was photoreactivated up to 45 min. and the other incubated in the dark for the same period. After treatment with 250 ergs/mm.2 dose of U.V. radiation, the survival of the wild-type bacteria was about 40 yo, and the frequency of recombinants increased about 20 times.
The results presented in Table 7 showed that it was possible to photoreactivate the stimulating effect of U.V. radiation on the conjugation yield in the Escherichia coli K I 2 F+ wild-type strain used. Under the conditions of these experiments, after irradiation with visible light for 45 min., this photoreactivation decreased by about 50% the frequency of recombinants.
Influence of mitomycin C
Influence of mitomycin C on the integration of the F factor into the chromosome of Escherichia coli K 12 F+. A suspension of donor bacteria, prepared in the normal way, was divided into two parts, and the bacteria centrifuged down. One sample served as control no. I. The bacteria from the other sample were centrifuged down, resuspended in broth containing mitomycin C I pg./ml. and incubated 10 min. at 37". Subsequently, the samples were cooled, the antibiotic removed by two washings with buffer I, and the bacteria mated after various periods of incubation in fresh broth at 37". The results of these experiments (Table 8) showed that the yield of conjugation in the F+ system markedly increased when the donor bacteria were treated with mitomycin C before mating. However, the increase in conjugation yield was detectable only after a definite period of incubation in broth after mitomycin C treatment; the maximal increase occurred after treatment with low concentrations (1-3 pg./ml.) followed by about I 10 min. incubation. Higher concentration of mitomycin C (10 ,ug./ml.) caused a smaller increase in the frequency of recombinants. The bacteria in the samples which were not incubated after treatment with the antibiotic did not show any enhancement of fertility. In previous work, in which the influence of mitomycin C on Escherichia coli F+ was studied, the consequences of treatment with mitomycin C was observed only immediately after removal of the mutagen (Driskel-Zamenhof & Adelberg, 1963; Reich, Shatkin & Tatum, 1961) .
The effect of mitomycin C was much greater on the wild-type Influence of chloramphenicol on the integration of the F epiivome into the chromosome of mitomycin C-treated Escherichia coli F+. These experiments were done in the same manner as described above where the effect of chloramphenicol on the integration of F in U.V. irradiated donors was studied, except that instead of U.V. radiation the bacteria were treated with mitomycin C at I pug./&. for 10 min. The results of these experiments are given in Table 9 . The iduence of chloramphenicol on the fertility of mitomycin. C-treated F+ bacteria was analogous to that on the U.V. irradiated population. Chloramphenicol did not permit expression of the fertility-stimulating effect of mitomycin C. Similarly, the effect of chloramphenicol was not irreversible because after its removal during the post-treatment incubation period the increase in fertility occurred to the same extent as in the mitomycin C-treated population. Attempt to photoreactivate the fertility-stimulating eflect of mitomycin C. Under the conditions of experiments with chloramphenicol (above) we were unable to show photoreactivation of the activity of mitomycin C.
DISCUSSION
It is known that DNA is the primary target of activity of mutagenic agents used (e.g. Szybalski & Iyer, 1964; Tessman, 1962; Geiduschek, 1961 ; Marmur et al. 1961) . Each of these agents causes various types of lesions in DNA. However, some of those which occur after treatment with these agents are of the same type (e.g. deletions or additional inter-strand cross-links appear). It might be suggested that the activity of various mutagens as observed in the present work was a result of the same type of damage, occurring in chromosomal and/or episomal DNA. Against this view, the fact might be adduced that a considerable part of the ultraviolet radiation effect (about 50%) 56
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could be photoreactivated. Information available so far (e.g. Setlow, Boling & Bollum, 1965) indicates that only dimers of pyrimidine bases can be photoreactivated, and that dimerization as a type of damage in DNA occurs only after treatment with U.V. radiation.
The increase in the fertility of donors is not, however, a general property of mutagens ; neither hydroxylamine nor caffeine caused an increase of recombinants. Of the mutagens used, hydroxylamine was the one to act most specifically, causing only point mutations (Tessman, Poddar & Kumar, 1964) , but it did not increase the fertility of F+ cultures. However, U.V. radiation, mitomycin C and nitrous acid cause, in addition to point mutations, mutational changes on longer fragments of DNA. Caffeine, on the other hand, is a mutagen only in very few systems (see Dobrzanski, 1965 Howard-Flanders (1964b) suggested that the mechanism which repairs DNA after treatment with mitomycin C is the same as that which operates in the case of U.V. radiation. Thus, the possibility must be considered that the effect of mutagens in stimulating the fertility of F+ bacteria may be caused by the activation of mechanisms which repair DNA and also favour a recombination of the two DNA fragments, the episomal and the chromosomal. The importance of the mechanisms which repair the injuries may perhaps be emphasized by the experiments in which F+ bacteria, after U.V. irradiation but before conjugation, were incubated in the presence of caffeine or chloramphenicol : caffeine enhanced the fertility-increasing effect of U.V. radiation. According to present views, caffeine is believed to inhibit the activity of the enzymic system which removes in the dark the changes in DNA caused by U.V. radiation (Lieb, 1961 ; Metzger, 1964) .
The results of the present work show that an increase in the fertility of F+ population was only revealed after a definite period of incubation of the donor in broth alone-after the removal of the mutagen before conjugation. At a certain time of such incubation, the increase in fertility reached its peak, after which, as the incubation was continued, fertility decreased. The fact that, to obtain the maximal effect after treatment with various mutagens, incubation must last for various periods indicates that the processes leading to increased fertility in F+ culture take time. This is confirmed by the observations on the influence of chloramphenicol on the increase in the fertility of the F f donor caused by U.V. radiation and mitomycin C. The incubation of donor bacteria, previously treated with a mutagen, in broth with chloramphenicol prevented an increase in the fertility of an F+ population. Chloramphenicol inhibits primarily the synthesis of protein, including enzymes which may perhaps be active in the process of integration of the episome into chromosomal DNA; this inhibitory effect of chloramphenicol is reversible and not lasting. Chloramphenicol inhibits the spontaneous integration of the F factor into the chromosome, while not exerting any influence on Hfr bacteria in which it does not decrease the yield recombination (Rajchert-Trzpil, 1965) . The frequency of recombinants after having reached a maximum, decreased on subsequent incubation. It could possibly be explained by some kind of unstable attachment of the F episome to the chromosome, differing from the greater stability of spontaneously formed attachments.
